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Abstract Acoustic waves can create plasma disturbances in the ionosphere, but the number of
observations is limited. Large-amplitude acoustic waves generated by energetic sources like large
earthquakes and tsunamis are more readily observed than acoustic waves generated by weaker sources.
New observations of plasma displacements caused by rocket-generated acoustic waves were made using
the Vertically Incident Pulsed lonospheric Radar (VIPIR), an advanced high-frequency radar. Rocket-induced
acoustic waves which are characterized by low amplitudes relative to those induced by more energetic
sources can be detected in the ionosphere using the phase data from fixed frequency radar observations of
a plasma layer. This work is important for increasing the number and quality of observations of acoustic
waves in the ionosphere and could help improve the understanding of energy transport from the lower
atmosphere to the thermosphere.

1. Introduction

Acoustic waves can propagate from the Earth’s surface into the space environment after being generated by
a number of source types including earthquakes [Davies and Baker, 1965], tsunamis [Occhipinti et al., 2013;
Makela et al., 2011], nuclear detonations [Kanellakos, 1967; McKisic, 1996], volcanic eruptions [Roberts et al.,
1982], tropospheric convection and forcing [Zettergren and Snively, 2013; Walterscheid et al., 2003], tropical
cyclones [Xiao et al., 2007], lightnings and sprites [Krishnam Raju et al., 1981; Farges and Blanc, 2010], mine
blasts [Calais et al., 1998], orographic forcing of tropospheric winds [Walterscheid and Hickey, 2005], aurora
[Pasco, 2012], and rocket launches [Afraimovich et al., 2003]. We classify these waves as high-altitude acoustic
waves (HAAW) which we define as acoustic waves in the thermosphere that interact with the ionosphere. The
most energetic HAAW are generated by sources such as earthquakes, volcanic eruptions, and tsunamis,
which usually cannot be forecast but can be identified shortly after they occur.

Previous ionosonde observations of HAAW have been limited to observation of irregularities and multiple
stratifications of ionospheric layers seen as deformations in ionogram traces as described by Maruyama
et al. [2011]. These were large-amplitude acoustic waves generated by earthquakes and tsunamis. The
Vertically Incident Pulsed lonospheric Radar (VIPIR) ionosonde is characterized by increased sensitivity to
variations in range of observed plasma, to changes in signal-to-noise ratio (SNR) of ionospheric echoes and
to changes in the velocity of ionospheric plasma [Grubb et al., 2008]. The result is an improved capability
for detection of HAAW.

The NASA Wallops Flight Facility (WFF) hosted two successful International Space Station (ISS) resupply
missions in 2014. Approximately 8 min after each launch, HAAW were observed perturbing the F region of
the ionosphere. Detection and identification of these relatively weak, rocket-induced HAAW were aided by
knowing the source time and location. We present a description of the observations, the method for detec-
tion of HAAW within the data, and a discussion of our results.

2. Description of Observations

One Antares rocket was launched from the WFF Mid-Atlantic Regional Spaceport (MARS) on 9 January 2014 at
18:07:05 UTC (henceforth T+0s denoting zero seconds after launch). The rocket was carrying the Orbital
Sciences Cygnus 2 spacecraft known as Orb-1. The VIPIR located at the WFF main base was used to observe
disturbances in the F region of the ionosphere during the Antares flight.
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The VIPIR radar is capable of operating simultaneously in both sweep and fixed frequency modes. Sweep
frequency mode is the normal operating mode of the WFF VIPIR where observations are made beginning
at 1 MHz increasing to 20 MHz during the 50 s observation period. Data are scaled by the Dynasonde software
using the NeXtYZ ionogram inversion procedure [Zabotin et al., 2006]. In fixed frequency mode the radar
makes many observations at one or more frequencies whereby limiting the number of frequencies more
observations are made at each one. The observations presented in this letter were made in “shuffle” mode
where fixed frequency and sweep frequency observations are interleaved in time by the radar. This
allows us to leverage the capabilities of the Dynasonde software while making observations of transient
plasma disturbances.

Observations are made with radio frequencies greater than the minimum observable frequency (f;,) and
less than the peak plasma frequency of the ionosphere (f,F5). The ionosphere exhibits strong diurnal and sea-
sonal variations in f,;, and f,F, in addition to variability induced by space weather. Because of these effects, it
was necessary to perform a forecast of ionospheric conditions before making fixed frequency observations of
the bottomside F region. Several days prior to the experiment, climatology and persistence of f,i, and f,F
were evaluated to determine a set of possible observation frequencies. Frequencies that were within legally
restricted bands, contained excessive noise, or were likely to interfere with other radio spectrum users were
rejected. Several hours prior to launch, current space weather conditions and environmental radio noise were
reevaluated to choose a final observation frequency. The VIPIR operated in shuffle mode several hours before
and after launch.

Data sets that were used to identify the plasma disturbance created by the HAAW include the following:
spacecraft location tracked by NASA radar systems, temperature in the troposphere measured by a NASA
radiosonde, temperature in the middle and upper atmosphere computed by the Mass Spectrometer and
Incoherent Scatter Extended 90 model (MSIS-E-90) [Hedin, 1991], and the altitude of plasma echoes com-
puted by the Dynasonde software [Zabotin et al., 2006].

3. Identification of HAAW in VIPIR Data

The acoustic wave source of interest is the ignition of the Antares rocket engines. At T+12s the rocket
cleared the launch pad sufficiently that acoustic energy produced by the engines was reverberating off of
the ground. At that time the VIPIR was operating in shuffle mode with a fixed frequency of 4165 kHz corre-
sponding to 170 km altitude. To estimate the time for an acoustic wave to propagate from the ground to
170 km altitude, the altitude-dependent sound speed C, is computed:

Cz) =/RT = M

where C, and C, are specific heats at constant pressure and volume, R is the ideal gas constant, and T is
absolute temperature. The propagation time was computed numerically using

t =

h=170 km dh
Ca)

h=0
where the step size in altitude (dh) for each temperature value was chosen to be 1 km.

The predicted time for the HAAW to propagate to 170 km altitude is 499 s. If the HAAW could create an obser-
vable plasma disturbance, that disturbance should have occurred during the VIPIR observation that began at
18:15 UTC, about 8 min after launch.

Figure 1 shows the sweep frequency mode ionogram at the predicted arrival time of the HAAW at 170 km. In
this ionogram there is no clear evidence of irregularities or multiple stratifications of ionospheric layers that
would be a classical signature of a HAAW disturbance as described by Maruyama et al. [2011]. The apparent
absence of these features suggests that any ionospheric disturbance created by an acoustic wave generated
by the rocket engines would not likely have been detected using a traditional sweep frequency ionosonde
sounding analysis. There is an E; layer stratification that appears similar to the acoustic wave signature iden-
tified by Maruyama et al. [2016], but this layer existed before launch and is not associated with the HAAW.

MABIE ET AL.

ROCKET-INDUCED ACOUSTIC WAVES 11,025



@AG U Geophysical Research Letters

10.1002/2016GL070820

Wallops 2014 009 18:15:01 UTC ~ 09Jan14 SNR [dB]

600 60

'S
o
=]

I
=]
=]

Virtual Range [km]

i "

-
" —

[N)
o
=)

15 20 3.0 42 50 7.0 10.0 15.0 20.0
Frequency [MHZ]

Figure 1. The sweep frequency mode ionogram of the observation made
when a HAAW is believed to propagate through the F region of the iono-
sphere. This is a plot of the signal-to-noise ratio (SNR) versus radio frequency
in megahertz and time of flight scaled in kilometers. The frequency marker
at 4.2 MHz provides an approximate reference and context for the fixed
frequency observation. Classical HAAW detection would be shown as irre-
gularities and multiple stratifications of ionospheric layers in this plot. Only
stratifications of the E;, E,, Fq, and F5 layers are present.

There is also a bifurcation of the trace
near f,F; but that observation was
made before arrival of the HAAW at
those altitudes.

Figure 2 is the 4165kHz fixed fre-
quency ionogram of the same obser-
vation period shown in Figure 1. The
first plasma disturbance is repre-
sented as a change in range and
intensity of the echoes at T+504s.
This is a potential detection of the
HAAW generated by ignition of the
rocket engines. A second plasma dis-
turbance at T+520s is a potential
detection of a HAAW caused by the
sonic boom generated during flight.

The ability to detect HAAW using
an ionogram is limited because an
amplitude-based ionogram is a plot
of the intensity of radar echoes as a
function of virtual range and time.

Virtual range is determined using time of flight of radio waves with resolution being limited to about half
the distance a radio wave travels during the VIPIR waveform impulse response. This is about 60 us corre-
sponding to about 9 km in range, which limits the likelihood of a small plasma displacement being resolved
in a VIPIR amplitude-based ionogram. If a plasma disturbance caused by a HAAW is not visible in an iono-

gram, it may be possible to identify it by analysis of the raw data.

The WFF VIPIR ionosonde makes phase-coherent observations of the electric field of radar echoes with a two-
dimensional array of dipole antennas. The radar decomposes the observations into in-phase and quadrature
components that allow computation of amplitude and phase path of the echoes. Over many radar pulses a
time series of phase path versus time can be constructed. This was done for each pulse by identifying the
data point having the largest SNR within a defined range interval. A data set for the observation beginning
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Figure 2. A fixed frequency ionogram at 4165 kHz during the Orb-1 flight
beginning at T+ 476 s. This plot shows at least three plasma layers includ-
ing the E, layer near 210 km virtual range, the F; layer ordinary mode trace
near 250 km virtual range, and F; layer bifurcated traces near 250 km and
280 km virtual range. Undisturbed plasma is observed at 250 km range
(170 km altitude) during the first 27 s. Disturbances occur at T+ 504 s and
T+ 520s. Plasma disturbances are represented in this plot as changes in
range and SNR and as bifurcation of the echoes.

18:15 UTC was constructed, and
Doppler speeds Vp were computed
in the radar line of sight using c=Af
so that

VD*LG(D(X’% t)

T 2af ot 3)

where ¢ is the speed of light in a
vacuum, f is the radio frequency at
4165kHz, and @ is the phase of
the received radar echoes as a func-
tion of time and horizontal position
across the receive antenna array.
The 4.2MHz frequency marker in
Figure 1 places the Orb-1 observa-
tions near the F; cusp. This suggests
significant radio wave retardation,
and the Doppler velocity is expected
to differ from the actual plasma velo-
city depending on the electron den-
sity profile.
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Figure 3. Plot of the vertical component of the apparent plasma velocity  and the vertical component of the
for the 4165 kHz plasma located near 170 km altitude during the Antares
Orb-1 flight. Plasma displacements associated with HAAW wave fronts occur
at T+ 504 s and T+ 520s. The echo source changes near T+ 504, T+ 512, 5 '/,

and T+ 520 and different groups of echoes are tracked at these times. k, = [(_) — K — kZ} 6)

wave vector is

The Cartesian velocity values are
the products of the wave unit vector components and the line of sight velocity.

Figure 3 is a plot of the vertical component of apparent plasma velocity of the echoes with largest SNR after
each radar pulse in the 220 km to 320 km range as displayed in Figure 2. Plasma disturbances at T+ 504 s and
T+ 5205 are both characterized by a change in the vertical component of plasma velocity. It is this signature
that is considered evidence of the passage of the HAAW.

The observation technique was repeated during the Orbital Sciences Cygnus CRS Orb-2 flight on 13 July 2014.
Instead of making observations with a single fixed frequency, six fixed frequencies were used. These frequen-
cies and the corresponding real altitudes were 5540 kHz (230.5 km), 5717 kHz (235.8 km), 5899 kHz (241.2 km),
6200 kHz (250.2 km), 6570 kHz (260.8 km), and 6720 kHz (266.3 km). Consistent with the observations made
during the Orb-1 flight, a plasma disturbance was observed at the time predicted using equation (2). In this
case there was no apparent change in virtual range or SNR of ionospheric echoes, but variations were
observed in phase path.

Figure 4 is a plot of the vertical component of apparent plasma velocity beginning approximately 7 min after
launch of the Antares Orb-2 rocket. This plot shows plasma displacements at several altitudes caused by a
disturbance moving away from the ground. The HAAW disturbances appear as changes in the vertical com-
ponent of apparent plasma velocity, similar to those observed during the Orb-1 flight.

4, Discussion

Vertical Electron Velocity

ol ' i ' ' ‘ ] Plasma disturbances in the iono-
I a n&' - P ] sphere caused by HAAW vary in mag-
20 % P 2, 1 nitude and duration [Astafyeva et al.,

! % 2013]. Historically, HAAW-induced
vEimis) ionospheric disturbances have been
identified as deformations in iono-
gram traces [Maruyama et al., 2011].

M ‘i % oo 1 This historical method limits HAAW
a0 i A , b 261 2kmifl ] identification to those generated
420 440 460 430 =08 by very large events such as strong

Launch Time [s]

earthquakes [Maruyama et al., 2012].
Figure 4. Plot of the vertical component of apparent plasma velocity as a HAAW generated by smaller events
function of altitude and time beginning 17:00 UTC on 13 July 2014. Both have been identified using improve-
Antares rockgts were ph_ysically similar, anql the ob.s.erved differences ments in fixed frequency Doppler
could be attributed to different atmospheric conditions or by the use of nding techni [Artr ¢ al
different observation frequencies with respect to f,F5. Due to radar clock drift sou g techniques .u et a,
introduced by experimental error, there is an uncertainty in observation time ~ 2004], but these events still had to
of about 1 min. be relatively large.
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Due to the increased number of observations at each frequency, fixed frequency observations like the one
demonstrated in Figure 2 can provide for continuous monitoring of plasma displacements which allows
for identification of more transient plasma disturbances. For instance, a typical ionosonde will repeat obser-
vations at a specific frequency every 1 to 5 min, whereas the observations made during the Orb-1 flight are
repeated every 20 ms. Classical detection methods require the ionospheric disturbance to persist long
enough to coincide with the observation time, and the disturbance must be large enough to be resolved
by the ionosonde. The method presented here can detect relatively small plasma displacements of a few
meters per second which persists for as little as a few seconds.

In Figure 2 the disturbances are represented as a change in range on the order of 10 km and SNR of about
20dB. In Figure 3 the disturbances are displayed as an almost 300 m/s change in apparent vertical velocity.
If these disturbances were weaker so that the changes in range, SNR, and vertical velocity were less by an
order of magnitude, there would have been no visible signature in the ionogram in Figure 2. However, the
change in apparent vertical velocity seen in Figure 3 would still be readily identifiable. For this reason it is
necessary to perform analysis of the phase progression of the radar echoes to identify the ionospheric plasma
disturbances produced by smaller HAAW.

The results show that the two HAAW observed during the Orb-1 flight propagate with different altitude-
dependent speeds. It is known that the sonic boom was generated 75 s after launch near an altitude of
8.26 km. The computational results (equation (2)) place two acoustic waves 40s apart at this time. At
170km the disturbances are observed only 17 s apart. This analysis is consistent with the theory that
the attenuation rates of HAAW vary and the vertical wave speed differs from the computational result
(equation (1)) when the adiabatic invariant potential temperature flux is not conserved [Schubert et al., 2005].

HAAW were identified under different atmospheric conditions. Orb-1 was launched midday in January during
undisturbed ionospheric conditions, and Orb-2 was launched midday in June during a period of structured
ionospheric conditions including the presence of a strong sporadic E layer. During the Orb-2 flight, plasma
disturbances from a second HAAW were not observed suggesting that one of the acoustic waves may have
been attenuated by the atmosphere or had been reflected downward before reaching the observation
region. This could be explained by atmospheric conditions [Artru et al., 2004] including the observed struc-
ture in the ionosphere.

During the Orb-1 flight the plasma response was similar for both HAAW including a rapid change in apparent
vertical velocity. The plasma disturbance observed during the Orb-2 flight was characterized by a less abrupt
initial change in vertical velocity which increases in intensity over the following half minute.

It is evident that these results are detections of HAAW for several reasons: The observations appear consistent
with prior observations and theory; data analysis of the hours prior to and after launch do not indicate the
presence of plasma disturbances comparable to the ones that have been identified; the observation times
of the disturbances are consistent with computed arrival times for all three HAAW; and variations in observa-
tions made under different environmental conditions can be explained using existing theories.

5. Conclusions

The plasma disturbances created by rocket-induced HAAW appear to be reliably detectable. The method pre-
sented can be used to detect HAAW that are of smaller amplitude than those previously reported. This can be
important for understanding energy transport from the lower atmosphere to the thermosphere [Akmaeyv,
2011; Schubert et al., 2005; Rogers and Gardner, 1980], although we do not attempt to quantify energy trans-
port within this letter.

By using a simple sound speed approximation applied to a known acoustic wave source, it is possible to esti-
mate when and where a HAAW wave front might be located. When the possible location of a HAAW is within
the field of view of a VIPIR ionosonde, the resulting plasma disturbance can be observed.

The experimental method developed can be automated when the acoustic wave sources can be identified.
With an increasing global distribution of VIPIR sites an automated HAAW detection algorithm would greatly
increase the number of HAAW observations which can be used to improve understanding of how they trans-
port energy in the atmosphere.
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